The genesis and impact of the M.Sc. thesis by Moshé Flato is analysed. In this connection, the fruitful passage of Moshé in Lyon, capitale mondiale de la gastronomie, is evoked. Finally, some basic elements for a model in crystal-field theory are given as a important step on the way opened by Moshé.
Geneses
Moshé Flato prepared his M.Sc. thesis under the guidance of Giulio Racah at the Physics Department of the Hebrew University in Jerusalem at the end of the fifties [1] . The final examination took place in 1960. The genesis of the thesis can be described as follows.
From 1942 to 1949, Racah published a series of four major papers on new algebraic and group theoretical methods for the analysis of complex spectra in atomic and nuclear spectroscopy [2] [3] [4] [5] . In particular, he developed the concepts of irreducible tensor operator, coefficient of fractional parentage (a concept which goes back to Goudsmit and Bacher) and seniority number. 
and
for the configurations d 2 and d 3 , respectively.
One of the advantages in using such chains of groups is that the Coulomb and spinorbit matrices already calculated for the free ion can be easily transferred to the case of the ion in its surrounding. Indeed, the chain U(5) ⊃ SO ( when going from the free ion to the ion in its environment. From a quantitative point of view, the calculation of the crystal-field matrix can be done via the Wigner-Eckart theorem for the group SU(2) in a nonstandard basis, namely a basis adapted to the chain
To fully understand the originality of the works by Flato, one has ro realize that at this time most of the works on crystal-and ligand-field theories for d N ions in finite symmetries (involving both an idealized or high symmetry and a distortion or low symmetry)
were conducted according to the approach by Tanabe, Sugano and Kamimura (from the Japanese school of M. Kotani) [7] [8] [9] [10] and the one by Griffith [11] [12] [13] [14] [15] [16] [17] [18] . In these approaches, the end group, i.e., the point symmetry group G or its spinor group G * , is considered as an isolated group so that the subduction (or descent in symmetry)
is not fully taken into account (H stands for a high symmetry group, like O, and G for a low symmetry group, like D 3 ) : the information about the descent in symmetry H ⊃ G or H * ⊃ G * is kept at the minimal level and the link with SO(3) or SU (2) is not completely exploited. Therefore, in the Griffith [11] [12] [13] [14] [15] [16] [17] [18] and Tanabe, Sugano and Kamimura [7] [8] [9] [10] approaches, all the necessary matrix elements must be calculated through the use of the Wigner-Racah algebra of G or G * . As a consequence, the calculation of the crystal-field energy matrix is very easy but the calculation of the Coulomb and spin-orbit energy matrices is very complicated. As a matter of fact, the invariance of the Coulomb and -the study of specific chains of groups,
-the application of symmetry adaptation to electron paramagnetic resonance,
-the unification of crystal-field and ligand-field theories,
-the development of models for photo-electron spectroscopy and -the derivation of a phenomenological approach to multi-photon electronic spectroscopy.
In 1995, with the advent of strong technological progress in two-photon absorption spectroscopy of rare earth ions doped materials, part of the above-mentioned works were revived in view of the elaboration of a model for analysing intensities of two-photon transitions between states of opposite parities for an ℓ N ion in finite symmetry [32] .
The rest of this paper is devoted to some personal recollections concerning the passage of Moshé in Lyon and to a brief description (in the appendix) of the basic ingredients for symmetry adaptation techniques in molecular and condensed matter spectroscopy developed by the present author more than thirty years ago under the direction of Moshé.
Moshé in Lyon
The arrival of Moshé in Lyon in 1964 has been a great event for many people. Although 
which are linear combinations of vectors |jm) adapted to the chain SU(2) ⊃ U(1). In Eq.
(1), the branching label a has to be used when the IRC Γ of G * occurs several times in the IRC (j) of SU (2) ; this external multiplicity label may be described, at least partially, by IRC's of subgroups of SU (2) that contain in turn the group G * . Furthermore, the label γ is necessary when [Γ] > 1 ; it may be described sometimes by IRC's of subgroups of G * . Equation (1) is of a group theoretical nature : the reduction coefficients (jm|jaΓγ) depend on the chain SU(2) ⊃ G * but not on Physics. They may be chosen, thanks to Schur's lemma, in such a way that the matrix representation associated to Γ is the same for all j's and a's. Equation (1) defines the {jaΓγ} scheme for the chain SU(2) ⊃ G * that is more appropriate in molecular or condensed matter spectroscopy than the {jm} scheme for the chain SU(2) ⊃ U(1). For j, a and Γ fixed, the set {|jaΓγ) : q , we define the operators
so that, for k, a and Γ fixed, the set U (k)
set of operators associated to Γ. The latter G * -irreducible tensorial sets are also labelled by IRC's of SU (2) and, therefore, we can easily generate, by direct sum, nonstandard SU(2)-irreducible tensorial sets. Thus, we may apply the Wigner-Eckart theorem for the group SU(2) in a nonstandard basis adapted to its subgroup G * . As a result, we have
with
On the right-hand side of (3), the quantum numbers τ 1 and τ 2 , external to the chain SU(2) ⊃ G * (they depend on the physics of the considered problem), appear only in the
The f or 3-jaΓγ symbol in (4) is an SU(2) ⊃ G * symmetry adapted form of the usual 3-jm Wigner symbol. It constitutes a symmetrized form of the coefficient [23] 
that generalizes the f coefficient defined via
in Moshé's M.Sc. [1] .
The 2-jaΓγ symbol defined by (5) turns out to be an SU(2) ⊃ G * symmetry adapted form of the Herring-Wigner metric tensor whose spherical components may be taken as
From equations (5) and (8) we have
The metric tensor given by (9) allows us to handle all the phases occurring in the {jaΓγ} scheme.
By combining (4), (6) and (9), we can rewrite (3) in the simple form
The interest of (3) and (10) for electronic spectroscopy of ions in crystalline fields has been discussed at length in Ref. [24] . From a mathematical viewpoint, it is to be observed that the factorization in (10) into the product of a G * -dependent factor (the f coefficient)
by a G * -independent factor (the reduced matrix element) is valid whether the group G * is multiplicity free or not. The internal multiplicity problem arising when G * is not multiplicity free is thus easily solved by making use of (10).
An important property of the f coefficient is given by the following factorization formula which arises as a consequence of a lemma by Racah [5] . Indeed, we have
where (j 2 a 2 Γ 2 + kaΓ|j 1 a 1 βΓ 1 ) is an isoscalar factor or reduced f symbol (independent of the labels γ 1 , γ 2 and γ) and (Γ 2 Γγ 2 γ|Γ 2 ΓβΓ 1 γ 1 ) a Clebsch-Gordan coefficient for the group G * considered as an isolated entity. The label β is an internal multiplicity label to be used when the Kronecker product Γ 2 ⊗ Γ is not multiplicity free.
Equations (10) and (11) are of central importance in the study of magnetic and electronic properties of an ℓ N ion in G (with G ∼ G * /Z 2 ) symmetry as well as in rotational spectroscopy of molecules invariant under G. They proved to be useful in the development of phenomenological models for dealing with both energy levels and intensities of transitions. The reader may consult Refs. [23] [24] [25] [26] for an application to crystal-field theory.
